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1 '0 INTRODUCTION

Current trends in small caliber weapons desiqns for the U.',.
Army emphasize rapid firing rates for saturation of a target areA.
The high ambient tempe.'kires, thermal transients, and corrosive-
erosive envirornment exi,,ting at the bore surface are serious lactors
limiting barrel life unlcir rapid firing schedules. The field use of
such w, apons systems are thows restricted with conventional barrel
materials. The most successful apprnaches to accommodate these problenv.
with conventional methods have been realized through the chromium
plating of gun barrel bores; or the use of short length cobilt alloy
liners which are shrink titted to the brecch end of the gun barrel and
chromium plating of the remaining steel muzzle end. However, the
substrate (Cr-Mo-V steel) of the chromium plated bore does not have
sufficient high temperature strength to withstand the erosive con-
ditions ;mposed by high perfoc-mancc weapons; and the physir-dl limtt3-
tions of shrink fitting are such t;iet only 6-8 inche-. of bore surface
can be protected and failure of the gun barrel is usuilly initiated
at areas in front of the liner. These problems can be averted by

fabricating barrels from alloys with greater refractory properLies than
conventional barrel steels. However, t is a recognized fact that
fabricability and refractory behavior of alloys are usually inversely

related. Furthermore. such refractory materials are highly alloyed

and are significantly more expensive than conventional barrel steels.
In recognition of these prob'amns, the U.S. Army Armament Coinmand has
mir•,ad mratpriAl And fahricat ion develoament .ronrams to define the
material conditions necessary to meet these intensive firing schedules
and the fabrication methods to achieve cost effectiveness.

The most recent fabrication development% sponsored by the Armament
Command have shown that 7.62mm barrels can be %uccessfully produceU
either as homogenecusor lined barrels virtually frow any ;,rfractory
alloy. The lined barrels consist of a composite suL`turc wi"h d

thin walled inner tube of the more refractory alloy acting as a borte

liner. Precision swaging over a polished carbide mandrel has been
employed to develop the rifling in these experimental barrels. Ihis
chipless fabrication method produces the rifling by forging the outer
diameter under the reciprocating action of four hammers which flarly
completely enclose the blank during the forging cycle. The hiqh com-
pressive working stresses imposed on the barrel blaiik qree-ly enhances
the ,orkability of the less tractable refractory harrtl Imateri -,l...
Recently, the utility of thi, proces; involv:ng cornpres-.tve proceýsinq
stresses was used to demonstrate the feasibHlity ot forming M-13L14 barrels



having both chamber and rifling In as-solution treated IN718 (Rc 36) fully
hardened IN718 (Rc 45), and triple tempered Vasco M-A (Rc 36). Although
no extensive study has been performed to evaluate the ultimate precision
attainable by precision swaging, conservative estimates indicate that the
process Is at least as good as conventional broaching and button rifling.
When combined with Integral chambe-Ing, It Is significantly more cost
effective. Dimensional precision and concentricity of +.0002 inch (+.O0051cm)
are readily attainable and the process significantly re~ines the surface fin-
ish and dimensional precision of the starting blank. Surface finishes of
8 microlnches arithmetic average (AA) in the bore can be achieved with no
special blank preparation. Typical process cycles are approximately 4-5 min-
utes per barrel while maintaining this finish quality level.

The superiority of the precision swage over c(,,ventlonal procedures
of rifling and chambering has been established for CR-Mo-V barrel steels.
Generation of full I.D. contourr. by precision swaging is an absolute neces-
"sity for the more refractory alloys because these alloys are virtually
Impossible to machine accurately and economically hy traditional methods.
Broaching and button rifling become very difficult for standi d barrel steels
at hardness levels above approximately Rc 32 while the mor- heat resistant
alloys are significantly less machinable at Rc 32 than steels.

The need for applying precision rotary swaging to barrel fabrication
of the more refrActory alloys was dictated by their remarkably poor machine-
ability yet the process is cost effective even for conventional alloys. Pre-
cision swaging has bevn demonstrated to be capable of generating high quality
I.D. barrel configurations from a gun drilled tubular blank but ii 11mited
to a cylindrical O.D. geometry. As a result, the volume of material consumed
In barrel fabrication is viritually the same for either conventional machining
procedures or precision swaging. The material lost as chips In M-134 barrel
fabrication is in excess of 1.5 times the net barrel weight for a cylindri-
cal starting blank. This scrap loss is not particularly serious for low alloy
steel barrels but will become significant for the more refractory iron and
nickel base alloy systems which cost approfimately 3 to 20 times more
per pound. For example, U-700 would cost •bout $12 per pound in quantity
purchases resulting in a material investment of $91 per barrel with a
chip loss of $55. Therefore, efforts to reduce chip losses are cost
effective when ,more highly alloyed materials are employed as gun tubes.
The GFM Gesellschaft fur rertigunstechnik und maschinenbau) radial 'org-
ing machines possess the compressive working behavior characteristic
of the swage while providing both I.D. and O.0. contouring capabili-
tius. The use of this type machine provides the potential for a siyni-

2



ficant advancement in the manufacturing technology for militcry ua n

barrels and represents a sophisticated approach to chips• machininq.

The ability tv ashleve detailed IoD. and 0.0. ý.ontourlng by
precision rotary furg!ng will be limited primarily by the specific
material perforn'a'nc., capobilities and by costs oviginatirg from the

manufacturing routing. As an example, an alloy of low workability may
be subject to cracking durino a one-pAss forginq operation, thus neces-

sitating a multiple pass sequence with intermediate annealing. The

added costs of a multiple close tolerance forging schedule may be of

sufficient magnitude to offset the reductions in metal removal costs
gained by the close contour forging. This tradeoff will become more

signiflcant as the cost of a candidate barrel material increases.
Since material costs in general are approximately inversely propor-

tional to workability, the need to forge closer to the finished config-
uration Increases for the more refractory alloys of relatively low
forgeability.

The current program requirement is to fabricate M-134 and M-219
barrels from an alloy steel and a superalloy. It is primarily designed

to develop the manufacturing technology required to produce these barrels
from the more refractory materials to demonstrate whether the perform-

ance gains can be made on a cost effective basis. Because of the high

cost of material and metal removal processing required for candidatc
rapid fire weapons alloys, this program on advanced manufacturing methods

considers the most advanced chiplers machining and metal removal pro-

cedures to achieve the optimum level of cost effectiveness. It is felt

that with these procedures the fabrication methods should become com-

parable to that for barrels of conventional steels. The materials cost
penalty present for more sophisticated alloy systems can be greatly

reduced by the contour forging capablliue6. offored by precislon rotary

forging. The extent to which these capabilities can be utilized O-n~rý.

however on bore surface quality and dimensional precision constraints on

the amount of O.D. contouring that is practicable. Thus, a detailed

examination of the entire process routing has been included in the pro-
gram effort to define the performanca limits of the overall program

concepts.
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2.0 BACKGROUND AND TECHNICAL DISCUSSION

The selection of a specific manufacturing process from scaled
or pilot fabrication processos requires that precise economic evalua-
tions be obtained for testing the many alternatives which the process
sequence could follow. These considerations should Include the following:

1. Material composition, cost, and condition, including hard-
ness and microstructure before and after processing;

2. Capital investment requirements;

3. Machine cycling rate and parts produced per cycle;

4. Machine tooling and regrinding costs;

5. Machine maintenance:

6. Quality and dimensional constraints on final product;

7. Setup, tool change, andresharpen time; and,

8. Inspection.

The alternative to which these considerations might be applied were eval-

uated and reviewed during a previous program- I This work established
that gun drflling was the most economical procedure for fabricating homo-
geneous gun barrel tubes if a blank could be through-drilled without
resharpening the tool. Electrochemical drilling would be an alterna-
tive procedure in the event of extremely poor tool life. Feed rates
with this procedure are very low and would necessitate a large capital
Investment to meet practical production schedules. Hot piercing and
extrusion were found amenable to lined barrel fabrication and consoli-
dation of powdered alloys respectively. Homogeneous tube fabrication
costs by either of these two methods would be high because of secondary
conditioning treatments and low proxduct yields. Therefore, based on
the results of the previous program, gun drilling was selected for this
effort for fabrication of homogeneous barrel tubes, The gun drilling
will be performed with specia! fixtures to reduce runout and hence facil-
itate subsequent processing operations.

(1) A. L. Hoffmanner, "Improved Manufacturing Methods for Fabrication
of 7.62 mmn Superalloy Barrels (Part 11)", Weapons Laboratory,
USAWECON, Report No. SWERR-TR-72-55, Sept. 1972
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The full utility of GFM radial forging can be achieved if closely
contoured barr blanks are produced with good concentricity, straight-
ness, bore dimensional precision within +.0002 inch and bore surface
finishes below about 20 microinch AA. Although the radial forging mach-
ine can produce O.D. contours, the basic action of the hammers or dies
and, therLfore, the dimensional reproduction possible are similar to
precision rotary swaging. Variations of bore dimensions of +.0001 inch
or less are typical in both cases during cold working. However, the
concentricity of the 0.D. and ID., straightness of the bore, and surface
finish will depend on all of the following conditions: concentricity,
straightness and surface finish of the drilled tyq; reduction; and die
design. The previous barrel fabrication progr " demonstrated that
rotary swaging would improve the concentricity level of the original
tube, but the improvement became negligible for initial runotuts below
0.010 inch (.025 cm) in 23 inches (.52 m) and a nominal 15 percent area
reduction. This amount of runout was the upper limit of measurements
made on centerless ground bars and supports the fact that the inherent
gun drill design will produce forged tubes of minimum runout. This is
an Important consideration in that reduction of runout du.,ng forging
occurs by an attempt to center the mandrel within the bar during plastic
flow conditions by assymetric deformation. Depending on the magnitude
of the reduction, this deformation i.ode can result in an assymetric
residual stress pattern. This in turn will certainly lead to production
of forgings of low straightness and will be a recurrent problem as the
forging is finish machined. Once straightening is performed on a barrel,
experience has shown that it must be repeatedly performed through the
fabrication routing. Straightening also introduces additional high cost
manual procedures and probably influences final barrel performance by
adding further non-symmetrical residual stress patteris wh~ch 4;an be
relieved by service temperatures generated during rapid fir~n; schedules.

The most severe limitation on the use of GFA furging for effi-
cient barrel fabrication is the net part shape. Steep sided shoulders
and lugs are nearly impossible to forge directly because constraints
on die design contours art necessary to maintain workpiece alignment
and achieve a reasonable feed, or production rate. Furthermore, qual-
ity and dimensional requirements, in general, place severe limitations
on the variation of reduction which can be produced in a blank due to
the effect of reduction on surface finish, residual stress, reproduc-
tion of the rifling and overall barrel dimensions. The internal sur-
face finish of swaged parts improves as the surface finishes on the
mandrel and inital prepared tube bore are improved and as the reduc-
tion increases. Therefore, requirements on minimum reduction and
maximum surface finishes on the tube and mandrel are necessitated by

(1) A. L. Hoffmanner, "Improved Manufacturing Methods for Fabrication
of 7.62 mm Superalloy Barrels (Part II)", Weapons Laboratory, USAWECOM,
Report No. SWERR-TR-72-55, Sept. 1972.
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the specified bore surface finish. An objectionable quality feature
could still arise during O.D. contouring due to variations of surface
finish along the bore surface below the maximum specified finish.
This feature would appear as a variation of reflectivity throughout
the bore which could be acceptiable in terms of part print specifica
tions. Typically, this variation might occur from a maximum of 20 micro-
incheeor less to 6 mIcroInches. However, any subsequent electropolish-
Ing would have a larger effect on the highest values and, thereby would
reduce the spread. This problem appears relatively minor because it is
well understood and easily controlled. The following discussions will
outline more severe limitations which, in general, are known to GFM bar-
rel fabricators but are not well understood or publicized. Many of the
following problems are also encountered with the precision swage.

During radial forging and swaging there is a minimum area reduc-
tion required to accurately generate rifling in the bore. This minimum
is usually in the range of 15 to 22 percent reduction of area but also
depends strongly on material characteristics and die design. There are
also practical limits on the maximum reduction beyond which failures
can occur by three basic mechanisms: a) the radii at the land-groove
Junction become distorted; b) shear strains under the lands become
great enough to promote surface spalling; and c) the deformation capa-
bility of the material is exceeded and fracture occurs through the wall
thickness. Contouring of the O.D. must therefore be achieved between
these limiting constraints. The maximum reductions also depend on
whether a tube is to be forged with rifling only or combined rifling
and chambering. In the former case continued deformation following
initial contact with the mandrel and development leads to shear failures
and radii distortion after approximately 25-30 percent reduction. The
difference between minimum and maximum deformation levels permits only
a modest +4 percent variation in0.D. contours. As a consequence, a
substantial amount of stock would remain to be machined from the barrel
portion even if the breech end were forged very close to finishO.D.
A much greater latitude exists for combined rifling and chambering, how-
ever because the total deformation capability of a typical barrel mater-
ial is on the order of 50 to 60% reduction. The as-drilled blank must
clear the larger diaeter chambering mandrel and can thereby be reduced
some 30 percent along the barrel portion before thei .0 . contacts the
rifling area on the mandrel. An additional 15 to 22 percent reductioi,
can then be achieved to generate the rifling without encountering frac-
ture through the wall thickness. Reductions at the breech end need only
be 15 to 22 percent to properly form the larger body portion of the cham-
ber. A potential contouring capability of +15 percent can be realized
thus substantially reducing the volume of excess material along the barrel
portion of the as-forged tube. The combined operation then represents a

6
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more economically attractive alternative, particularly when It is recog-
nized that mechanical chambering operations are also eliminated along
with reduced metal removal requirements on the O.0. surfaces.

The maximum and minimum reductions are processing limits Imposed
dirnictly by the material. Other limits are Imposed indirectly by the
material through raw material costs, machining rates and other fabri-
cation costs. These other fabrication costs involve machining or forg-
Ing a preform. A machined preform would result In additional costs
arising from loss of material and the cost of machin;ng, whereas a
forged preform would avert significant loss of material, but probably
would necessitate subsequent heat treatment and bore conditioning
before final forging. Preforming could also be performed up to 1600°F.
However, the dimensional requirements and required lack of surface con-
taminationofthe final product would necessitate finaw cold forging.
This deduction is based on the following data published by GFM for
dimension-al precision attainable with radial forging:

i. Cold Forging:

a) Rifling tolerance +0.0001 inch (+.25 um)

b) Chamber Tolerance +0.0006 inch (+1.52 pm)

2. Hot Forging:

a) O.D. Tolerances +0.006 i;,ch (+15.2 um)

b) I.D. Tolerances +0.002 inch (+5.08 um)

Material costs for barrels fabricated from alloys such as U-700
would be over $90 per blank, which is anticipated to be significantly
greater than the fabrication costs. The Inverse -would be true for H-i1

or Cr-Mo-V steels. Therefore, an effort to achieve a reduction in the
material consumed per barrel becomes an important goal in the case of
the more refractory alloys beciuse this cost can seriously Influence
the overall process economics. For this reason the degree of I.D. and
O.D. contouring produced in a given barrel cannot be approached arbi-
trarily but must be designed as part of an overall analysis of the entire
fabrication sequence.

IMetal removal costs are directly related to the amount and distri-
butior of the stock envelope on the forged blank because feed rdtes and
hence cycle times in either plunge grinding or turning must be determined
approximately from the point of initial tool-workpiece contact. Plunge
form grinding becomes economically attractive over turning as the mach-
ineability of the work decreases and appears to be the most economical

7



method for finishing barrels of U-700 material while either grinding or
turning may be suitable for the H-11 material. Increased form complex-
Ity also favors plunge grinding because follower rests cannot be effic-
eintly used to achieve the rigidity necessary to sustain high stoct

removal rates during turning operations. The form complexity of the
14-134 barrel Is more amenable to economical plunge grinding then the

4h-219 contours. For these reasons plurge grinding appears to be suit-
able for the M-134 barrels of U-700 and H-lI materials while the
relatively simple tapered M-219 barrel forged of H-li can be NC turned
utilizing a hydraulic follower rest.

Chamber finishing can be performed either by direct forging or
by conventional procedures from a rifled only forging. ECN can be used
to rough machine the chamber but cannot hold the required corner radii
in the chamber neck area to be used as & finishing method.
Tool life and forging evaluation must be utilized to establish the most
reliable and cost effective procedural sequence.

The general fabrication scheme for Ai-134 barrels planned for
investigation on this program is flow charted in FigLre I and consists
of the following major steps: tube preparation; radial forging, form
grinding, chambering, and chromium plating. The two most critical steps
in the sequence are radial forging and electroplating. The questions
Involving material response to attempts at O.1V. and I.D. contouring
represent more serious obstacles than identification of optimum metal
removal procedures while the electroplating operations are dependent
upon the overall quality of the rifled bore. Many of the process devel-
opment efforts in each fabrication step must evolve with the program to
define their relative impacts on barrel quality and cost.

The primary objectives of this program are threefold:

1) to examine and define the impact each of the many process
variables exert on effective use of precision radial forg-
;ng to produce M-134 and M-219 gun tubes;

2) to successfully fabricate a quantity of M-134 and M-219
barrels to demonstrate that precision rotary forging is a
viable advanced fabrication method; and

3) to develop an optimum routing for O.D. finishing of the
forged tubes.

Drawings of the M-I34 and M-219 barrel configurations are
presented in Figures 2 and 3 respectively for purposes of illustration.
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o.0 RESULTS AND DISCUSSIONS

The esteblishment of advanced procedures for fabricatlon of erosion
resistant 7.6b= barrels has pioceeded as an evolutionary-type program.
Much of the supportive technology necessary to sustain this effort was
developed as an integral part of the overall program activity. For
purposes of organization, the results will be treated In a three part
discussion. The process development activity will comprise Task I while
the fabrication of barrels for actual test evaluation will be reviewed
in Task Ii. The economic analysis and manufacturing routing development
will be presented in Task III. Flow charts Illustrating the sequence
followed for each of the three tasks are presented in Figure 4.

3.1 TASK I - Process Development

3.1.1 Material

The process development phase was subjected to a sequential

investigation according to the outline illustrated in Figure 4. Two materials

were initially selected for evaluation on this program; U-700, a nickel-

base superalloy and H-11, a 5% chromium hot work die steel. During the

course of this Investigation, Incoloy 903 was also Included in the program.

This alloy was selected on the basis of high strdngth, go-xd formability,

and unlike other alloys in this case is chromium-free. This latter

point is important In that high chromium alloys are difficult to plate and

Is a reason why an alloy like IN718 was not selected. The compositions

of the three materials are presented in Table I.

Stock sizes werw determined through extensive discussions

with GFM Machines Inc. (USA) and GFM at Steyr, Austria. The dimensions

selected were designed to provide stock for subsequent forging of M-134
gun tubes having both rifling and chambering with O.D. contouring and

rifled M-219 tubes with O.D. contouring. Stock allowance of .025 Inch

(.064 cm) were allowed to clean up the heat treated surfaces and permit

bringing the T.I.R.* of the O.D. to within th3 desired t.005 inrch (t.013 cm)

rvnout limit on the gun drilled hole during pretorm preparation. A summary

of the sizes procured Is presented in Table II.

Heat treating experiments were conducted on slugs ot the

U-700 material to establish baseline data on grain size, hardness, cracking,

and banding of second phase constitutents as influe, ed by solutioning

*T.I.R. refers to the Total Indicator Reading of a dial gage mounted

at bar center as the bar is rotated while supported on rollers
located at the bar ends.
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